ABSTRACT
Transformation of Ha. japonica was performed using the polyethylene glycol method (27) . 151
Transformants were plated onto agar plates containing pravastatin. Pravastatin-resistant 152 colonies were cultured in liquid medium without pravastatin for 96 h and plated onto agar 153 plates without pravastatin in order to isolate recombinants in which the targeted gene on the 154 genome was replaced with the corresponding disrupted gene. Gene disruption was confirmed 155 by PCR analysis. 156
Complementation of mutant strains. Three plasmids pJc0507, pJc0506, and pJc0505, were 157 constructed as follows: The targeted genes, c0507, c0506, and c0505, were amplified from Ha. 158 japonica using the primer sets c0507-S4/c0507-A4, c0506-S4/c0506-A4, and 159 c0505-S4/c0505-A4, respectively. Amplified PCR fragments were ligated into the SmaΙ site of 160 pUC119, yielding plasmids pUCc0507, pUCc0506, and pUCc0505, respectively. Plasmids 161 pUCc0507 and pUCc0506 were digested with NdeI and BamHI. The sequences containing 162 targeted genes were ligated to pJFZ33 (a recombinant plasmid in which the Ha. japonica csg 163 promoter sequence, the NdeI restriction site, the Ha. japonica ftsZ2 gene sequence, and the 164
BamHI and NcoI restriction sites were inserted to the E. coli-haloarchaea shuttle vector 165 pWL102), which had also been digested with NdeI and BamHI, to yield plasmids pJc0507 and 166 pJc0506, respectively. Plasmid pUCc0505 was digested with NdeI and NcoI. The sequence 167 containing c0505 was ligated to pJFZ33, which had also been digested with NdeI and NcoI, to 168 yield a plasmid pJc0505. 169
Plasmids pJc0507, pJc0506, and pJc0505 were passaged through E. coli JM110 and then 170 transformed into respective mutant strains as described above. 171 DNA sequence accession number. The DNA sequence data of c0507, c0506, and c0505 172 were deposited in the DNA data Data Bank of Japan (DDBJ), the European Molecular Biology 173 Laboratory (EMBL), and the GenBank nucleotide sequence database. japonica were pre-cultured at 37°C. Four milliliters of pre-inoculum was transferred to a 2-L 177
Erlenmeyer flask containing 400 mL of liquid medium and cultured for 240 h at 37°C in the dark. 178
Cells were harvested by centrifugation (4°C, 4,400 × g, 20 min). Carotenoids were extracted 179 from Ha. japonica essentially as described previously (22) with the following modifications: 180 Cells were suspended in acetone/methanol (7:2, v/v) which contained 0.1% (w/v) antioxidant 181 2,6-di-t-butyl-p-cresol to avoid the destruction of carotenoids. After cell disruption by sonication, 182 samples were centrifuged (4°C, 840 × g, 2 min) to obtain the supernatant. The pellets were 183 re-extracted until all visible pigments were retained in the liquid phase. Finally, the supernatants 184 were collected and evaporated to dryness in a vacuum. The dried carotenoid extract was used for 185 following HPLC analysis of total carotenoids and mass spectrometric analysis of the purified 186 carotenoids. 187 HPLC analysis of total carotenoids. The dried carotenoid extract was dissolved in a small 188 volume of chloroform/methanol (3:1), and analyzed using an HPLC system (SCL-10A, 189
Shimadzu, Kyoto, Japan) equipped with a µBondapak C 18 column (3.9 × 300 mm, Waters, 190 Milford, MA, USA). The eluent was methanol/water (9:1) for the first 10 min, followed by 100% 191 methanol, at a flow rate of 1.5 ml/min (31). Absorption spectra of the carotenoids were recorded 192 with a photodiode-array detector (SPD-M20A, Shimadzu) attached to the HPLC apparatus. 193
Mass spectrometric analysis of purified carotenoid. The dried carotenoid extract was 194 dissolved in 2 ml of acetone/hexane (1:1), and was then applied onto a column of 195 DEAE-Toyopearl 650M (Tosoh, Tokyo, Japan) to separate the polar lipids from the carotenoids 196 (32). The column was washed with acetone/hexane (1:1) and the colored fractions were collected. 197
After evaporating to dryness, the collected fractions were dissolved in 1 ml chloroform/methanol 198 
RESULTS

210
Identification of candidate genes. Recently, the draft genome sequence of Ha. japonica has 211 been determined (33). By homology analysis, some ORFs (c0507, c0506, and c0505) were 212 predicted as candidate genes encoding carotenoid biosynthetic enzymes. C0506 had a 31% 213 amino acid sequence identity to lycopene elongase (CrtEb) from Corynebacterium glutamicum, 214 and had a 60% amino acid sequence identity to lycopene elongase homolog (Lye) from Hb. 215 salinarum (10). C0507 had a 29% amino acid sequence identity to the CrtI from Pantoea 216 ananatis (34). Furthermore, C0507 also had a 26% and a 24% amino acid sequence identity to 217
CrtD from Rhodobacter capsulatus (35) and Deinococcus radiodurans R1 (36), respectively. 218 C0505, the homolog of CruF, had a 30% and a 31% amino acid identity to those of 219 Synechococcus sp. PCC 7002 (37) and Deinococcus radiodurans R1 (38), respectively. In 220 addition, c0507, c0506, and c0505 cluster together on the genome of Ha. japonica, in this order 221 ( Fig. 2A) , and RT-PCR analysis revealed that these genes were co-transcribed. Since carotenoid 222 synthesis-related genes in some bacteria are assembled in clusters or in neighborhoods (34, 39) , 223 these genes were predicted to be involved in the carotenoid synthesis of Ha. japonica. Δc0506 was yellow in color, while the cell suspension of wild type Ha. japonica has a red color 231 (Fig. 3) . Thus, the carotenoids produced were likely to be different. The carotenoids produced by 232
Δc0506 was analyzed by HPLC and compared with those of the wild type Ha. japonica. Five 233 peaks were detected in wild type Ha. japonica and had been identified as BR (Fig. 3A , peak 1), 234 MABR (peak 2), BABR (peak 3), IDR (peak 4), and lycopene (peak 5), respectively, in our 235 previous study ( showed that peak 5 of Δc0506 had a mass m/z of 536. Based on the retention time, absorbance 241 spectrum, and mass spectrometric results, peak 5 of Δc0506 was identified as lycopene. 242
In Δc0506, no C 45 and C 50 carotenoids were detected, suggesting that the biosynthetic pathway 243 for carotenoids was discontinued at lycopene. Therefore, we deduced that c0506 of Ha. japonica 244 encodes a functional enzyme that catalyzes the conversion of lycopene to a BR precursor. 245
There seem to be two types of desaturation reactions in the carotenoid biosynthetic pathway of 246
Ha. japonica. In the first reaction, CrtI converts phytoene into lycopene by the introduction of 247 four double bonds. In the second reaction, CrtD forms double bonds at C-3,4 and C-3′,4′ of the 248 lycopene derivatives. According to homology analysis results, C0507 shows amino acid 249 on July 9, 2017 by guest http://jb.asm.org/
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Biosynthetic Pathway of C 50 Carotenoid in Ha. japonica 11 sequence homology to both CrtI and CrtD. To investigate the function of C0507, a mutant of 250 c0507 was constructed by homologous recombination, designated as strain Δc0507. Δc0507 251 showed the same growth rate as wild type Ha. japonica. The transcriptions of c0506 and c0505 252 in Δc0507 were confirmed by RT-PCR, although their transcription levels were reduced to less 253 than half as compared to those in wild type Ha. japonica [ Fig. 2B(c) ]. The cell suspension of 254
Δc0507 was orange in color (Fig. 3D) . 255
The HPLC elution profile of carotenoids produced by Δc0507 is shown in Fig. 3D . The 256 absorption spectrum indicated that peak 1′, peak 2′, peak 3′, peak 4′, peak 5′, peak 6′, and peak7′ 257 had 9, 10, 9, 11, 11, 7, and 9 conjugated double bonds, respectively. Among these, peak 4′ and 258 peak 5′, the main carotenoids in Δc0507, possessed the most abundant conjugated double bonds, 259 suggesting that peak 4′ and peak 5′ are the final products, or their derivatives. The absorption 260 spectra of peak 4′ and peak 5′ are shown in Fig. 4 . Mass spectrometric analysis also showed that 261 peak 4′ and peak 5′ had a mass m/z of 708 (4 mass units more than BABR) and 622 (2 mass units 262 more than IDR), respectively (Table 3) . Based on these data, peak 4′ and peak 5′ were identified 263 as TH-BABR and dihydroisopentenyldehydrorhodopin (DH-IDR, C 45 ), respectively. Since 264 phytoene did not accumulate in Δc0507, the desaturation reactions that convert phytoene into 265 lycopene were not catalyzed by C0507, or the desaturation reactions were catalyzed 266 cooperatively by C0507 and other phytoene desaturases. That is because, in a Bradyrhizobium 267 strain, two distinct crt gene clusters are involved in the synthesis of its carotenoids 268 (spirilloxanthin and canthaxanthin). Each cluster contains the genes crtE (GGPP synthase), crtB, 269
and crtI leading to the common precursor lycopene (39). In addition, the main products of 270 Δc0507, TH-BABR and DH-IDR, lacked the double bonds at C-3,4 and C-3′,4′. Therefore, we 271 deduced that C0507 functions as a CrtD, involved in the desaturation reactions that form double 272 bonds at C-3,4 of DH-IDR and C-3′,4′ of DH-BABR. This is the first time that a CrtD has been 273 identified functionally in archaea. Peak 1′, peak 2′, peak 3′, peak 6′, and peak 7′ remain 274 on July 9, 2017 by guest http://jb.asm.org/
Biosynthetic Pathway of C 50 Carotenoid in Ha. japonica 12 unidentified. Because the number of conjugated double bonds in these compounds was less than 275 11, and the number of conjugated double bonds in lycopene was 11, these peaks might be 276 derivatives of lycopene precursors. 277
The biosynthetic pathway for carotenoids in Δc0506 was discontinued at lycopene, and 278
Δc0507 accumulated DH-IDR and TH-BABR. C0506 was suggested to catalyze the conversion 279 of lycopene to DH-IDR. The conversion contains two reactions, viz., introduction of a C 5 280 isoprene unit at C-2 and hydration at C-1,2 of the terminal of lycopene (Fig. 1) . Therefore, 281 C0506 in Ha. japonica is likely to be a bifunctional lycopene elongase and 1,2-hydratase. The 282 lye gene of Hb. salinarum, a homolog of c0506, was expressed in E. coli, and the gene product 283 catalyzes the conversion of lycopene to TH-BABR (10). In this conversion, introduction of a C 5 284 isoprene unit at C-2 and hydration at C-1,2 of the terminal of lycopene were both catalyzed by 285
Lye. This result supports our prediction that C0506 would be a bifunctional enzyme. So we 286 redefined Lye as a bifunctional enzyme, and designated C0506 from Ha. japonica as LyeJ. 287
In order to confirm the function of C0506 and C0507, the complementation study in vivo was 288 performed. Plasmid pJc0506, containing the intact c0506 gene, was introduced into the Δc0506 289 and the transformant was named Δc0506[pJc0506]. HPLC analysis revealed that the biosynthesis 290 of final product BR was restored ( Fig. 3C and Table 3 ). However, the main products were BABR 291 and MABR. That is probably the transcription level of the downstream gene c0505 is still low in 292 the complemented strain. Plasmid pJc0507, containing the intact c0507 gene, was introduced 293 into the Δc0507. The transformant Δc0507[pJc0507] restored the production of BR (Fig. 3E and 294 Table 3 ). Since the transcription levels of the downstream genes, c0506 and c0505, are probably 295 still low in the complemented strain, the intermediates (MABR, BABR, IDR, and lycopene) 296 accumulated and the proportion of final product diminished in Δc0507 [pJc0507] . 297 Analysis of c0505. The hydroxyl groups at C1 and C1′ of lycopene were introduced by C0506. 298
However, the enzyme that introduces hydroxyl groups to the C3′′ and C3′′′ of BABR had not 299 on July 9, 2017 by guest http://jb.asm.org/
Biosynthetic Pathway of C 50 Carotenoid in Ha. japonica 13 been identified. C0505, the homolog of CruF, was selected as a candidate enzyme for this 300 reaction. Its mutant was constructed by homologous recombination, and designated as strain 301
Δc0505. Δc0505 also showed the same growth rate as wild type Ha. japonica. The transcriptions 302 of c0507 and c0506 in Δc0505 were confirmed by RT-PCR, and the disruption of c0505 did not 303 affect the expression of the upstream genes in the same cluster [ Fig. 2B(d) ]. 304
The cell suspension of Δc0505 was red in color. In HPLC, only one peak (Fig. 3F, peak 3) was 305 detected in Δc0505, and the peak exhibited a retention time of 13.7 min and a λ max of 468, 491, 306 and 523 nm (n = 13; Table 3 ). Mass spectrometric analysis showed that peak 3 of Δc0505, had a 307 mass m/z of 704, compatible with that of BABR. Based on these data, peak 3 of Δc0505 was 308 identified as BABR. These data demonstrated that the carotenoid biosynthetic pathway of 309
Δc0505 was discontinued at BABR and indicated that C0505 catalyzes the reaction that 310 introduces hydroxyl groups to C3′′ and C3′′′ of BABR to generate BR (Fig. 1) . Therefore, C0505 311 in Ha. japonica is a C 50 carotenoid 2′′,3′′-hydratase. 312
The in vivo complementation study was also assessed using the intact c0505 gene-introduced 313 transformant Δc0505 [pJc0505] . HPLC analysis revealed that the carotenoid composition of 314 Δc0505[pJc0505] was restored and similar to that of wild type Ha. japonica ( Fig. 3G and Table  315 3). 316
317
DISCUSSION
318
The C 50 carotenoid BR is known to accumulate in several extremely halophilic archaea 319 (15-19), but the responsible biosynthetic pathway remains unclear. In this study, we have 320 identified three main genes encoding enzymes responsible for the biosynthesis of BR from 321 lycopene for the first time. 322
The biosynthetic pathway for carotenoids in Δc0506 was discontinued at lycopene, and 323
Δc0507 accumulated DH-IDR and TH-BABR; hence, C0506 was suggested to be a bifunctional 324 on July 9, 2017 by guest http://jb.asm.org/
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Biosynthetic Pathway of C 50 Carotenoid in Ha. japonica 14 lycopene elongase and 1,2-hydratase, catalyzing the reaction that introduces a C 5 isoprene unit 325 and a hydroxyl group to the terminal of lycopene. In strain Δc0507, TH-BABR and DH-IDR 326 were detected. Therefore, C0507 was proposed to be a carotenoid 3,4-desaturase and to be 327 involved in the desaturation reactions that form double bonds at C-3,4 of DH-IDR and C-3′,4′ of 328 DH-BABR. It seems that two types of possible biosynthetic pathways from lycopene to BABR 329 exist in wild type Ha. japonica. The first type of pathway involves immediate conversion of 330 DH-IDR, generated from lycopene by C0506, to IDR by C0507. Subsequently, C0506 further 331 introduces a C 5 isoprene unit and a hydroxyl group to the other terminal of IDR to generate the 332 C 50 carotenoid DH-BABR, which is then desaturated by C0507 to form BABR. The second type 333 involves C0506-mediated catalysis of reactions that introduce two C 5 isoprene units and two 334 hydroxyl groups to each end of the C 40 lycopene to generate the C 50 TH-BABR, which is then 335 converted to BABR by C0507. IDR was detected as an intermediate, but TH-BABR was not 336 detected in the wild type Ha. japonica. Thus, it can be suggested that the former is the main 337 pathway in wild type Ha. japonica. On the other hand, it has been proposed that the biosynthetic 338 pathway of BABR from lycopene in Hb. salinarum involves the latter pathway (10); therefore, 339 the carotenoid biosynthetic pathway in Ha. japonica is possibly different from that in Hb. 340
salinarum. 341
Based on the proposed carotenoids and retinal biosynthetic pathways in Ha. japonica (Fig. 1) , 342
Δc0506 was expected to accumulate β-carotene or retinal beside lycopene. However, only 343 lycopene was detected when Δc0506 was grown in the dark. Our previous study showed that the 344 transcription of the cruxrhodopsin (a retinal protein) gene is regulated by high light intensity (23), 345 and β-carotene was detected when Ha. japonica was grown in light (unpublished data). So it is 346 possible that β-carotene could not be accumulated when Δc0506 is grown in the dark. 347
The carotenoid 1,2-hydratase catalyzes the synthesis of some carotenoids that contain 348 hydroxyl groups, by hydration at the C-1,2 or C-1′,2′ double bond. Two types of carotenoid 349 In genomic sequence analysis of Ha. japonica, c0507 previously revealed its sequence 360 homology to crtI of P. ananatis (34). However, our results demonstrated that C0507, the CrtD, is 361 involved in desaturation reactions that form double bonds at C-3,4 of DH-IDR and C-3′,4′ of 362 DH-BABR. Thus, the CrtI that converts phytoene to lycopene has not been identified. In addition, 363 C0184, C1220, C1219, and C1158 from Ha. japonica also show amino acid sequence homology 364 to GGPP synthase (CrtE), phytoene synthase (CrtB), lycopene β-cyclase (CrtY), and β-carotene 365 cleavage dioxygenase (Brp), respectively. Additionally, further studies are necessary to 366 investigate the remaining unidentified carotenoid biosynthetic enzymes in order to elucidate the 367 complete carotenoid biosynthetic pathway in Ha. japonica. 368
It has been suggested that the antioxidant capacity of carotenoids is linked to the number of 369 conjugated double bonds and hydroxyl groups (3, 4, 42) . BR, which contains 13 conjugated 370 double bonds and four hydroxyl groups, is regarded to be an effective free-radical scavenger. 371
Our previous study has shown that the free-radical scavenging capacity of BR is much higher 372 than that of β-carotene, which contains 11 conjugated double bonds (22). Moreover, BR is a 373 on July 9, 2017 by guest http://jb.asm.org/ Downloaded from dipolar C 50 carotenoid, and it was suggested to act as a "rivet" in the cell membrane, to increase 374 its rigidity and mechanical strength (7). 375
In summary, we have identified three carotenoid biosynthetic enzymes and have elucidated 376 their functions. Among them, CrtD and CruF were found in an archaeon for the first time. Our 377 results revealed the biosynthetic pathway responsible for production of BR from lycopene in Ha. To amplify the target genes by PCR for the construction of mutants c0507-S4 5′-GAATTCCATATGAGTGACTTGTCCGGTG-3′ c0507-A4 5′-GGGGATCCTCATTAGTGGTGGTGGTGGTGGTGGG CGATGTCCTCGATGAGC-3′ c0506-S4 5′-GAATTCCATATGCCAGAACTCCCGACAG-3′ c0506-A4 5′-GGGGATCCTCATTAGTGGTGGTGGTGGTGG TGCCCATACAGCATCACCCAC-3′ c0505-S4 5′-GAATTCCATATGGGTAGCGGCAAAGACC-3′ c0505-A4 5′-GGCCATGGTCATTAGTGGTGGTGGTGGTGG TGCCGCCAGACGGCCCGACCG-3′ 
